Patterns of spontaneous activity are valuable reflections of well-being in animals and humans and, because of this, investigations have frequently incorporated some form of activity monitoring into their studies. It is widely believed that activity monitoring, alongside assessments of general behaviour, should be included in initial CNS safety pharmacology screening. As the number of marmoset studies having actimetry as their focus, or as an adjunct, is increasing, we wished to evaluate an alternative approach to those commonly used. The method is based on miniaturized accelerometer technologies, currently used for human activity monitoring.
Assessment of spontaneous activity in laboratory animals is an important feature of preclinical behavioural screening and, in a review of the international requirements for CNS safety pharmacology, Porsolt et al. (2002) were of the opinion that initial screening should include assessments of general behaviour and locomotor activity. Activity monitoring is an important physiological measure of well-being, as well as a means to study the effects of xenobiotics and environmental factors. As such, activity monitoring has been incorporated into a wide range of investigations, mostly in rodent species. Furthermore, there is an increasing number of non-human primate studies which have involved actimetry either as their primary focus or as an adjunctive measure. These include investigations into primate chronobiology (Erkert et al. 1986 , Erkert 1989 , Schardt et al. 1989 , Fuller et al. 1996 , nutrition (Golub et al. 1996 (Golub et al. , 1999 , toxicology (D'Mello & Duffy 1985) , a wide range of welfare issues (Lubach et al. 1992 , Kitchen & Martin 1996 , Pálková et al. 1999 ) and effects on cardiophysiology of social and environmental changes (Gerber et al. 2002) , blood-pressurelowering drugs (Schnell & Wood 1993) and hypertension . Various methods of monitoring activity have been used in these and other studies involving non-primate species. They have included the use of infrared beams, video analysis, pressure plates, jiggle cages and implantation of telemetric/transponder devices. While these approaches are useful, all of them have some or many disadvantages, notably the inability to simultaneously monitor more than one individual in group-housed situations, the requirement for the surgical implantation of recording devices and the emphasis on monitoring activity in arenas other than the home cage. The interpretation of activity data is sometimes complicated by motivational factors. For example, in wheel running, data collection is reliant on the animals' motivation to use the equipment (Kö rtner & Geiser 1995) . Devices that utilize body-worn piezoelectric accelerometers, which are widely used in human activity monitoring, offer the potential to overcome the technical limitations described previously. Accelerometer technology has been validated for use in human sleep studies (Horne et al. 1994 , Reyner & Horne 1995 , Sadeh et al. 1995 , Stanley et al. 2000 , Wicklow & Espie 2000 and in psychopharmacological studies (Wolter et al. 1996 , Stanley 2003 . The devices record intensity, amount and duration of movement in all three planes, by producing a voltage that is subsequently converted to an arbritary count and datalogged. Simplified versions of such technologies (mercury tilt switches) have previously been used in non-human primate studies, including those assessing the effects of cholinesterase inhibitors in the common marmoset (D'Mello & Duffy 1985) and the effects of micro-gravity on rhesus monkey chronobiology (Sulzman et al. 1991 , Fuller et al. 1996 . Telemetry has been incorporated into some studies (Sellers et al. 1998) . Devices primarily designed for use in human studies have been incorporated into collars or backpacks to monitor the activity of larger primates, e.g. baboons , rhesus monkeys (Golub et al. 1999 , Zhdanova et al. 2002 , cynomolgus and pigtail macques (Zhdanova et al. 2002) . In the last three decades, common marmosets (Callithrix jacchus) have become more widely used in basic and applied research in biology and medicine. Laboratory studies of 24 h activity patterns in marmosets, using complex electroacoustic and implantable telemetry methods, have suggested that the species is an excellent model for basic research in chronobiology (Erkert et al. 1986 , Erkert 1989 , Schnell & Wood 1993 . We wished for a non-invasive system which would simultaneously measure spontaneous activity from multiple marmosets maintained in pairs or groups to be developed. The human Actiwatch s (Cambridge Neurotechnology, Cambridge, UK) was adapted, by the manufacturer, and a smaller version (Actiwatch s -Mini) was produced. This was designed to be attached to a standard marmoset collar. In order to assess the performance of the Actiwatch s -Mini, the activity of marmosets in different housing situations was monitored.
Materials and methods
Animals and housing conditions Eighteen adult common marmosets C. jacchus (12 males, six females), bred on site at Dstl Porton Down, Salisbury, UK, were used. The animals were housed either in the Experimental Animal House (pair-housed) or in the Animal Breeding Unit (group-housed). Pair-housed animals (age: 63-71 months, weight: 359-490 g) were housed in mixed-sex pairs (males vasectomized) which had access to four cage units; each of 72(H) Â 47(W) Â 60(D) cm, linked by one vertical and two horizontal rigid extensions. Group-housed animals (age: 14-16 months, weight: 278-330 g) were housed in a single-sex group of eight males which had access to two cage units; each of 162(H) Â 122(W) Â 52(D) cm, linked by connective tubing. For all animals, the home-rooms were lit by natural wavelength fluorescent bulbs with 30 min dawn and dusk effects on a 12/12 h light/ dark cycle (pair-housed) or a 14/10 h light/ dark cycle (group-housed). In both cases, the light level was 350-400 lux at 1 m above floor level. During the course of the study two of the pair-housed animals were inadvertently exposed to continuous lighting for 84 h because of a failure in the lighting control computer system in one room over a weekend. The outcome of this disruption is addressed below. Room temperatures for both housing conditions was maintained at 23.770.41C with 5576% relative humidity.
Feeding
The pair-housed animals were fed daily with Primate Diet (Harlan Teklad Global Primate Diet) supplemented by fruit (apple, banana and orange). In addition, forage mix, consisting of Rice Crispies, raisins, millet and sunflower seeds, was distributed in sawdust placed in the tray hanging below the upper horizontal linker. Once a week the marmosets were fed an additional supplement consisting of Complan (Heinz Co, Hayes, Middlesex), Nesquik (Nestlé, York), Glucose (Lloyds Pharmacy, Coventry) and vitamin D 3 (Woodstock Enterprises). For the group-housed animals, the weekly diet comprised Primate Diet (Harlan Teklad Global Primate Diet) supplemented with fruit (orange, apple, banana, grape, pear and raisin), eggs and malt loaf. On one occasion per week they received a supplement of SA37 (Intervet UK Limited, Milton Keynes), baby food mix (Farex, Cow & Gate Trowbridge and Complan, Heinz Co, Hayes, Middlesex) and vitamin D 3 (Woodstock Enterprises) alongside the forage mix previously described.
Protocol
The Actiwatch s -Mini was used to monitor marmoset activity under both housing conditions, consisting of a piezoelectric accelerometer with a 32 kb memory housed in a cylindrical casing (diameter: 21 mm, height: 8 mm, weight: 4.4 g) ( Figure 1 ).
Twenty-four hours before the commencement of the studies, each animal was lightly restrained in a gloved hand and a device fitted to the collar normally used for the attachment of the identification tag. The device measured activity by integrating intensity, amount and duration of movements in all directions and detected all movements with a force of more than 0.5 g. To support the data-logging functions, the settings were uploaded from a PC-linked reader prior to the commencement of the study and the resultant activity counts were downloaded off-line at the end of the study.
Normal activity patterns in marmosets
Spontaneous activity was monitored in 16 marmosets maintained under the two different housing conditions. Eight pairhoused animals (group A) were part of an ongoing study and engaged in computerbased home cage behavioural testing for approximately 15 min each weekday. Eight group-housed animals (group B) were maintained as a pre-issue peer group. Continuous recordings were made from all animals over 14 consecutive days. Each Actiwatch s -Mini was programmed to log data in 60 s epochs that were later summed to give an activity score for each 60 min period. The groups' mean 24-h profile was calculated for weekdays (00:00 h Monday to 23:59 h Friday) and weekends (00:00 h Saturday to 23:59 h Sunday). Husbandry, feeding and lighting schedules are detailed in Table 1 . All animals were observed at 
Incidental observation of activity during continuous lighting
In an earlier validation stage of a prototype Actiwatch s -Mini, an opportunity presented itself for obtaining data from a pair of animals which experienced 84 h of continuous lighting as a result of a power failure of the lighting control computer. In this instance, the device had been set to record data in 2 min epochs for three weeks. The data were examined to see if the activity patterns of the two marmosets changed as a result of the error. It was hypothesized that they may free-run during this period, i.e. become disassociated from the previous entraining light/dark cycle.
Statistical procedures
Total mean activity was compared using two-sample t-tests assuming equal variances. Temporal differences in activity were analysed using MANOVA with differences in weekday and weekend activity over time being explored using a series of linear contrasts based on the degree of freedom available (SPSS v.11).
Results
Visual observation of the animals wearing the newly adapted collars showed that they appeared to be well tolerated. The animals and their cagemates attended to the new collars for approximately 5 min after attachment, after which time they were ignored.
Normal activity patterns in marmosets Data were obtained from seven of the eight animals in both groups A and B. The failure in group A was due to a technical problem and the failure in group B was due to the device becoming detached from the animal's collar. Figure 2 shows the mean daily total activity for the two groups of animals during weekdays and weekends. There were significant differences in total activity levels between the groups in that animals in group B showed approximately twice the activity counts as those in group A (Po0.001). There were no differences in either group between weekday and weekend levels of activity although there were differences of temporal distribution of the activity recordings ( Figure 3 ).
There were significant differences between weekday and weekend activity during each hourly epoch within group A from 12:00 to 20:00 h and within group B from 09:00 to 18:00 h.
During weekdays, marmosets in group A woke at approximately 07:30 h and their locomotor activity steadily increased until their feeding time at 14:30 h. During the morning (08:30-11:30 h), the animals Figure 3 The 24-h pattern of activity of two differently housed groups (n ¼ 7) of marmosets freely moving in their home cages. Activity measured over 14 days, the temporal spread of data recorded on days Monday-Friday (weekday, solid lines) differed from data recorded at weekends (Saturday and Sunday, dashed lines) within groups 15:00 h, during which time they were fed (14:00 h) and after which the activity levels reduced until 'lights off' at 20:00 h. At weekends, activity increased from 06:00 h and reached a maximum at 15:00 h. During this period, the animals were fed at 08:15 h and husbandry staff left at 11:30 h. After 15:00 h, there was a decline in activity which declined to almost total inactivity at 19:00 h, at the beginning of the dusk phase. Between 08:00 and 10:00 h weekday activity was approximately 30% higher than that of weekend and between 12:00 and 17:00 h the weekday activity was 30% lower.
Incidental observation of activity during continuous lighting
The data are presented in Figure 4 as 24 h actograms of the two animals from day 8 to the end of the 22-day prototype evaluation study. Periods of dark are shown in grey shading on the actograms and, as can be seen from 06:00 h on day 16 to 18:00 h on day 19, the lights remained on continuously. After the technical fault was detected and rectified, normal light/dark cycles were resumed. This period of constant light conditions initiated free-running (activity patterns free from entraining factors such as light/dark cycles), as is evident from the actograms. Both subjects woke progressively earlier over the 84 h period of light until the light/dark entrainment cycle was resumed and normal diurnal rhythms returned. During the period of continuous 'lights on', activity levels decreased markedly at the time at which 'lights out' normally occurred.
Discussion
A novel method for monitoring activity in small non-human primates has been demonstrated. The Actiwatch s -Mini generated meaningful data on activity patterns from marmosets in pair-and grouphousing situations. This represents a considerable advantage over other methods of measuring activity in that it allowed noninvasive, concurrent monitoring of multiple animals in a single arena. Moreover, it facilitated monitoring a key behavioural index in the home cage with minimal disruption to the animal and without modification to the environment. Behavioural and physiological monitoring in the home cage is becoming more widely employed because of the tangible benefits in terms of animal welfare, scientific validity and practicality (Crofts et al. 1999) .
This report describes the technique used to characterize the activity profiles of groups of animals in which there were substantial differences in conformation. For example, animals in group A were approximately four years older than those in group B and were housed in mixed-sex pairs rather than in an all-male cohort of eight. It is therefore not surprising that clear differences in the levels of activity between the two groups were observed. Studies in a number of species, including drosophila (Le Bourg & Lints 1984) , mice (Joyal et al. 2000 , Thifault et al. 2001 , beagles (Siwak et al. 2003) and rhesus macaques (Weed et al. 1997 , Moscrip et al. 2000 , have shown that younger animals tend to be more active than their elders. While cage volume per animal was greater for the pair-housed animals (ca. 0.41 m 3 / animal) than the group-housed animals (ca. 0.26 m 3 /animal), the housing of the latter was more complex and, overall, larger. Cage complexity and useable space have been linked to increased locomotor activity in marmosets (Kitchen & Martin 1996) , although in their study there were marked differences in the level of enrichment between the housing conditions assessed (presence or not of three branches alongside basic furniture of nestbox and feeding tray). In the present study, the housing conditions were relatively complex because they both included platforms, horizontal and vertical wooden poles and unit linking devices. Undoubtedly, the greater opportunity for inter-animal interactions in the younger group-housed males contributed to the higher levels of activity observed in this group. It was also interesting to note that, although the group B animals had 2 h more light than those of group A, the vast majority of their activity took place between 06:00 and 18:00 h, suggesting a 12 h diurnal rhythm, similar to that observed in the group A animals.
Overall, there were no differences in the levels of activity of either group between weekdays and weekends, although there was a differential distribution of activity. The differences between weekday and weekend activity are likely attributable to variations in husbandry practices, especially times of feeding and timing of staff presence in or around the home-rooms. In general terms, the animals' activity increased over the 2 h following 'lights on' and decreased over the 4 h preceding 'lights off'. There was a 'postprandial' fall in activity in the 2 h following food presentation, regardless of its timing. At weekends, there was an increase in activity after staff had vacated the vicinity. It would appear that, in an environment where the day/night cycle is fixed, and marmosets are not required to spend a great deal of time foraging for essential food (although in fact they spend time foraging throughout the day), the time of food presentation is an important determinant of the temporal pattern of spontaneous activity. This should be taken into account when reviewing husbandry practices and, particularly, when planning studies which involve appetitive rewards.
The inadvertent failure of the lighting control system in a room in which two of the animals were wearing the devices provided an opportunity to assess the impact of Laboratory Animals (2005) 39 Figure 4 Actograms from two common marmosets: the initiation of free-running as a result of a failure in the lighting control computer of the home room. Areas in grey represent times of darkness extended periods of continuous lighting. The patterns of activity observed in both animals showed a clear phase shift which might be interpreted as the instigation of free running. Erkert (1989) had demonstrated previously that, under 20-30 days of free running conditions, marmosets exhibit spontaneous endogenous rhythms of 22.8-24 h. As the fault was detected and rectified after the weekend, normal light/ dark-related activity patterns were rapidly restored.
The study has demonstrated that the Actiwatch s -Mini can be used to quantify spontaneous activity in marmosets and that reliable, reproducible data are generated. The device provides off-line, retrospective datalogging of activity counts and has considerable advantages over implantable telemetric devices in that it is non-invasive and is able to simultaneously record valuable data from multiple animals housed in a single arena. There may be opportunities for extending the use of this device to other primate and non-primate species, although its use in rodents, for example, may be constrained by limited opportunities for methods of attachment.
